Recently, we reported the results of experimental in situ high-energy x-ray diffraction studies of electrostatically levitated equilibrium and supercooled metallic elements and alloy liquids, showing evidence for icosahedral short-range ordering ͑ISRO͒. In this paper, these studies are extended to binary Ti-Zr and ternary Ti-Zr-Ni alloys. From a cluster-based analysis of the x-ray structure factors, it is concluded that ISRO in the binary alloys becomes progressively more dominant, and the coherence length of the order becomes longer, with the addition of Ni, especially near the concentration of 21 at. % Ni. The effect of chemical interactions among Ti/Zr-Ni and the atomic size on the stabilization of the ISRO is discussed.
I. INTRODUCTION
The importance of liquid short-range order ͑SRO͒ on crystallization and glass formation has long been recognized. The study of the evolution of this order in supercooled ͑or undercooled͒ liquids of metallic elements and alloys is becoming increasingly important, which is driven by the discovery of potentially important technological materials, such as bulk metallic glasses, 1 by fundamental questions about the nature of the glass transition, and by the discovery of rare phenomena, such as a liquid-liquid phase transition in some elemental liquids. 2 Most of the experimental studies that have been reported thus far, however, were confined to equilibrium ͑i.e., at or above the melting temperature͒ or nearequilibrium elemental and alloy liquids. Studies of the SRO in deeply supercooled metastable metallic liquids have become possible only recently due to progress in containerlessbased processing techniques, improved methods for rapid acquisition of scattering data from x-ray [3] [4] [5] [6] and neutron [7] [8] [9] sources, and the availability of computational methods for liquid structure determinations, for example, using reverse Monte Carlo ͑RMC͒ and molecular dynamics ͑MD͒ methods. The SRO in liquids varies from the tetrahedral order in covalently bonded liquids ͑Si, water, etc.͒ to the icosahedral SRO ͑ISRO͒ in some metallic liquids to the more complex polytetrahedral order in other metallic liquids. The possibility of ISRO in metallic liquids was first suggested by Frank 10 to explain the significant supercooling of metallic liquids. 11 Since ISRO is incompatible with the translational periodicity of crystalline solids, an energy barrier for crystal nucleation is created, facilitating supercooling. Subsequent computer simulations in supercooled Lennard-Jones liquids, for example, demonstrated the development of ISRO with supercooling. 12 , 13 Sachdev and Nelson 14, 15 also pointed out the similarities between the peak shapes and ratio of peak positions in structure factors for metallic glasses with those in the diffraction patterns for icosahedral quasicrystals; a shoulder on the high-q side of the structure factor of the glasses was suggested as evidence for ISRO. Evidence for ISRO has also come from the reduced supercoolings ͓⌬T r = ͑T l − T n ͒T l , where T l and T n are the liquidus and nucleation temperatures, respectively͔ obtained in quasicrystal-forming Al-based 16 and Ti-based 4, 5, 17 alloy liquids. Whereas ISRO is energetically favorable when the atoms interact via a central ͑isotropic͒ potential, 10, 12, 13, 18 anisotropic interactions ͑direc-tional bonding͒ can favor different local orderings.
The most direct experimental evidence for significant ISRO in metallic liquids came only recently when containerless-based processing methods were combined with scattering techniques. [4] [5] [6] [7] [8] [9] 17 The increasing prominence, with supercooling, of a shoulder on the high-q side of the second peak in the liquid structure factors of pure elements ͑Ni, Fe, Zr, Co, and Ti͒, 6, 7, 19 Al-based 7, 9, 20 and Ti/Zr-based alloys, 4, 17 was consistent with a significant amount of ISRO. The concomitant preferential nucleation of the metastable i phase, rather than the stable C14 polytetrahedral phase, in a number of Ti-Zr-Ni alloys provided unambiguous evidence for dominant ISRO 4,5 and a confirmation of Frank's 10 hypothesis. However, nonicosahedral SRO has also been reported in metallic liquids. For example, bcc-type SRO was found in ab initio MD simulation studies of elemental Zr liquids, 21 and polytetrahedral SRO was inferred in some metallic alloy liquids from the extremely low interfacial energy calculated from nucleation data. 22 In theoretical studies of pure metals, small isolated clusters often energetically favor distorted, instead of perfect, icosahedral order. [23] [24] [25] [26] [27] For the early transition metal liquid Ti, a significant distortion of the ISRO was proposed to explain the observed structure factor. 6 In this case, it was argued that the cluster geometry is determined by two competing factors: ͑a͒ topological factors that maximize the density and ͑b͒ electronic interactions that minimize the energy. As mentioned earlier, an icosahedral cluster geometry is preferred for atoms interacting via a central potential. 10, 12, 13, 18 In the presence of strong directional bond-ing, the electronic energy of the clusters may be further minimized by lifting the degeneracy of the energy levels by JahnTeller distortions. 6, 18 If the latter contribution is significant, the local order of the metallic liquid may deviate from, or become completely different from, ISRO. In multicomponent alloy liquids, the interactions between different atom pairs may be vastly different, favoring chemical short-range order ͑preference for a particular type of atoms as the nearest neighbors͒. The dominant SRO will therefore be determined by both topological and chemical ordering effects, wherein the latter may or may not favor ISRO. Clearly, deeper understanding of the SRO in metallic liquids is needed. To this end, more comprehensive and controlled studies of judiciously selected alloy systems are necessary. As a first step, we have studied the systematic changes in the SRO of a few select binary and ternary alloys by using the recently developed beamline electrostatic levitation ͑BESL͒ technique. 28 The alloy compositions were chosen to study the effects of atomic size and atomic interactions on the SRO of the liquids. The effect of the former was investigated by replacing Ti with larger, but chemically similar, Zr atoms in miscible Ti-Zr alloys, while the latter was probed by adding a third component, Ni, which has large negative heats of mixing with both Ti and Zr. Supercooling studies 5, 17 of ternary ͑Ti 0.5 Zr 0.5 ͒ 1−x Ni x alloys showed a systematic increase in ⌬T r with increasing x, followed by a sudden decrease at x = 0.21, reflecting changes in the nucleation barrier with composition. It has been argued that the changes in the nucleation barrier were intimately connected with the SRO, 4, 5, 10, 16 providing additional motivation for diffraction studies of this ternary liquid.
As will be shown, starting from elemental liquids ͑Ti, Zr, and Ni͒, a progressive change in SRO is observed in binary Ti-Zr and ternary Ti-Zr-Ni alloys. The most notable is the development of a shoulder on the high-q side of the second peak in the structure factor that becomes most prominent for the quasicrystal-forming composition ͑Ti 39.5 Zr 39.5 Ni 21 ͒. Conventionally, these features are often associated with developing ISRO in the liquid. 4, 8, [12] [13] [14] [15] These trends are consistent with the previously reported supercooling results mentioned above. 5 A developing ISRO, which differs from the SRO of the nucleating crystalline phases ͓solid solution phase ͑bcc͒ for the low Ni and C14-Laves phase ͑hcp͒ for the high Ni containing alloys͔, is expected to increase the interfacial energy and nucleation barrier, making deeper supercooling possible. Additional evidence for ISRO, along with the presence of other types of order, came from modeling the structure factor by using a simple cluster-based approach and, in a few cases, by reverse Monte Carlo ͑RMC͒ simulations. Although RMC methods find increasing applications for extracting candidate amorphous structures from experimentally measured structure factors for liquids and glasses, they are difficult to use for multicomponent alloys. As the number of components increases, the number of possible pairs ͑AA, BB, AB, etc., for atoms of types A and B͒ accordingly increases, demanding knowledge of the chemical ordering to be included as a constraint on the RMC simulation. For reliable MD simulations, ab initio potential calculations are required, which are either unavailable or can be obtained only for small ensembles. By comparison, the cluster-based model is simple but certainly not exact. However, when the dominant SRO is known from RMC/MD simulations or when other experimental evidence points to a certain type of dominant order in the liquid, the cluster-based model can yield valuable insight into the mechanism of SRO formation, as will be shown here.
II. EXPERIMENTAL PROCEDURE
A. Sample preparation and x-ray scattering experiments with beamline electrostatic levitation Small, nearly spherical ͑2.2-2.5 mm diameter͒ ingots of pure elements ͑Ti, Zr, and Ni͒, binary Ti-Zr alloys, and ternary Ti-Zr-Ni alloys were prepared by conventional arc melting. [4] [5] [6] In situ high-energy ͑125 keV, 0.099 Å͒ synchrotron x-ray diffraction studies were performed on levitated liquid and solid samples under high vacuum ͑Ϸ10 −7 torr͒ on the MUCAT beamline 6ID-D at the Advanced Photon Source by using the recently developed BESL technique. 4, 6, 28 A containerless measurement is essential for studies of supercooled metastable liquids to eliminate heterogeneous nucleation on the container walls, making large supercoolings possible. The large penetration depth of the high-energy x rays allows diffraction measurements to be made on bulk samples in the transmission mode. Additionally, the small wavelengths translate into smaller scattering angles to cover a reasonably large range in momentum transfer ͑q =4 sin / , where is the scattering angle for an incident x ray of a wavelength ͒, with the use of area detectors ͑the mar345͒ 29 to record complete diffraction patterns within a few seconds. This is particularly advantageous for structural studies of supercooled liquids that have short lifetimes ͑a few seconds͒, especially in the deeply supercooled states. The useful q range for the results presented here is 0 Յ q Յ 10.5 Å −1 , which is higher than that reported earlier. 4, 6 
B. Data reduction procedures and analysis
The diffracted intensity as a function of q was extracted from the diffraction rings recorded on the mar345 image plate by using the FIT2D program. 30 The scattered background intensity from the Be window and the air outside the ESL chamber was measured by taking an exposure without the levitated sample and subtracted from the sample data. Due to the small scattering angles used in the present studies, polarization corrections were negligible. Ultimately, the structure factor of the liquids was obtained by using the PDFGETX2 software, 31 which corrects for Compton scattering, multiple scattering, and absorption. Simple cluster-based models were used to obtain information on the SRO from the experimentally determined S͑q͒.
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III. RESULTS
A. Structure factor of elemental liquid metals (Ti, Zr, and Ni)
The liquid structure factors for equilibrium and supercooled liquids of elemental Ni ͑Refs. 6 and 8͒ and Ti ͑Ref. 6͒ were published earlier. Recently, the experiments were extended to a larger q range ͑up to 10.5 Å −1 , compared to 8.5 Å −1 in the earlier report͒ and to deeper undercoolings by using the improved BESL technique. 28 The new data are essentially the same as the earlier published results. 6, 8 The most important feature of both sets of data is the emergence of a shoulder ͑marked by arrows͒ on the high-q side of the second peak with increasing undercooling ͑Fig. 1͒. The structure factor for liquid Ni differs from those of Ti and Zr in two ways: ͑a͒ the second peak is higher in intensity than the shoulder compared to similar and smaller intensities for Zr and Ti, respectively, and ͑b͒ the temperature dependences of these peaks are stronger for Ni than those for Zr and Ti. These differences indicate that the local structures of these liquids are dissimilar. The position of the first peak shifts to lower q on progressing from Ni to Ti to Zr, as anticipated from their increasing atomic diameters. 35 As indicated in Fig.  1 , there are significant differences between the data and a simple Percus-Yevick hard sphere calculation.
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B. Structure factor of binary Ti 50 Zr 50 alloy liquids
It is well known that Ti and Zr are completely miscible in the solid and liquid phases. Because of their similar chemical properties ͑electron configurations͒, no chemical ordering is expected in this liquid; any change in the SRO from the elemental liquids should therefore be dominated by the topological order reflecting the atomic size differences. With this expectation in mind, the liquid structure factor for a Ti 50 Zr 50 alloy was measured as a function of temperature, as shown in Fig. 2 . The most prominent effects with decreasing temperature are an increase in the intensity and a narrowing of the first peak ͑left inset, Fig. 2͒ , reflecting an increase in the coherence length ͑order͒ in the liquid. In contrast, the second peak and its high-q shoulder show a much more subtle temperature dependence ͑right inset, Fig. 2͒ . The shapes of the second peak and shoulder appear to be a superposition of the corresponding peaks of the elemental liquids ͑Fig. 1͒, as expected in a weakly interacting binary mixture.
C. Structure factor of ternary Ti-Zr-Ni alloy liquids with low Ni concentrations
As discussed in Sec. I, some significant changes in the SRO were anticipated from earlier nucleation studies 4,5 of ͑Ti 0.5 Zr 0.5 ͒ 1−x Ni x alloys as a function of x. Figure 3 shows that the shape of the second peak in S͑q͒ gradually changes with increasing Ni content, becoming more similar to elemental Ni; the ratio of the shoulder-to-second-peak intensi- ties show a gradual decrease with increasing Ni concentration ͑Fig. 3͒, i.e., the second peak intensity grows much faster with decreasing temperature compared to the shoulder. These changes, as well as the temperature dependence of the first peak, are much larger for the ternaries compared to the binary Ti 50 Zr 50 alloy.
D. Structure factor of i-phase-forming Ti-Zr-Ni alloy liquids
The structure factor for the x = 0.21 alloy, which shows 4 the nucleation of an icosahedral solid phase directly from the supercooled liquid, was reported earlier. For completeness, those data are again shown here ͑Fig. 4͒. The peaks in S͑q͒, especially the first ͓inset ͑I͒, Fig. 4͔ and second ͓inset ͑II͒, Fig. 4͔ peaks, grow and become narrower with decreasing temperature, reflecting a growing order in the liquid. Interestingly, the intensity of the shoulder on the high-q side of the second peak changes little, while the intensity of the second peak grows ͓marked by arrow in inset ͑II͒ of Fig. 4͔ . In contrast, the intensities of the second peaks in elemental Ti, Zr, and Ti 50 Zr 50 alloy are only weakly temperature dependent. The intensity of the third peaks also grows with decreasing temperature.
E. Structure factor of C14-Laves phase-forming
Ti-Zr-Ni alloy liquids
The most common feature observed in the S͑q͒ of alloy liquids containing greater than 21 at. % Ni ͑Fig. 5͒ is a gradual decrease in the intensities of the third and fourth peaks with increasing Ni. As the Ni concentration approaches that of the crystalline C14-Laves phase ͑Ti 40 5, 17 it becomes difficult to identify the positions of these peaks ͑Fig. 5͒. However, it is clear that the third and fourth peaks move closer together and begin to overlap ͑see the arrows in Fig. 5 , inset͒, which is different from the behavior of the i-phase-forming liquids. This indicates that the SRO changes again for alloys containing more than 21 at. % Ni compared to the alloys containing lesser Ni. However, a shoulder on the high-q side of the second peak still remains, implying that the local structure still retains some of the basic features of the i-phase-forming compositions.
IV. DISCUSSION
In this section, the experimental data are discussed in terms of a dominant local cluster. Where available, supporting information from reverse Monte Carlo analyses and ab initio calculations is included. The elemental liquid data are discussed first, followed by an analysis of the binary and ternary liquid data.
A. Local order in elemental liquid metals
In Sec. III A, we pointed out some important differences in the structure factors of equilibrium and supercooled liquids of Ni from those of Ti and Zr. In particular, a distinct shoulder was observed on the high-q side of the second peak; this shoulder was less distinct for Zr liquids and it was higher in intensity than the second peak in Ti liquids. In the past, such subtle changes have not attracted much attention, partly due to the lower quality of the data and uncertainties in the contributions from the sample containers.
The structure factors obtained from the Percus-Yevick hard sphere model, 36 which account for all types of SRO contributions without any preference to any particular type of order ͑the dashed lines in Fig. 1͒ , do not contain a shoulder on the high-q side of the second peak. This prominent feature in the experimental data then indicates that a specific type of SRO is dominant. Figure 6 shows the calculated structure factors S͑q͒ from some of the energetically and topologically favored clusters believed to form in the liquids and in the crystal and amorphous phases that form from these liquids. As shown in Figs. 6͑a͒ and 6͑b͒ , tetrahedral clusters, which are often considered to be the basic structural unit of some ͑especially covalently bonded͒ liquids, do not exhibit a shoulder in the second peak of S͑q͒. Neither does a decahedral cluster ͓Fig. 6͑d͔͒, which often has a lower energy than an icosahedral cluster ͓Fig. 6͑c͔͒, 25 nor the FrankKasper-type cluster, the Z14 polyhedron ͓Fig. 6͑e͔͒, which is often considered to describe the local structure of metallic glasses. 37 Only the noncrystallographic 13-atom icosahedron ͓Fig. 6͑c͔͒, which shows a global energy minimum in the Dzugutov ͑Dz͒ potential 38 and the second lowest energy for the Lennard-Jones potential, 39-41 a 19-atom icosahedron ͓Fig. 6͑f͔͒, and some larger similar types of clusters ͑33-atom dodecahedron and 55-atom Mackay icosahedron, not shown here͒ show a shoulder on the high-q side of the second peak with a lower intensity than the second peak. Note that decahedral cluster formed by a 36°rotation of a pentagonal cap of ISRO does not show the shoulder, although its coordination number is identical with that of an icosahedron. This implies that both the symmetry of the individual building blocks of a cluster and its topology are important for the peak shapes of S͑q͒.
A shoulder on the high-q side of the second peak of S͑q͒ has been taken as an indication of ISRO in many theoretical [13] [14] [15] and experimental 4,6-8,20,33,34 studies. Moreover, the relative positions of the different peaks in S͑q͒ are also expected to bear a distinct relationship ͑q 2nd / q 1st = 1.71, q shoulder / q 1st = 2.04͒ ͑Refs. 14 and 15͒ if the SRO is truly icosahedral. Based on the peak shapes and similar ratios for peak positions ͑q 2nd / q 1st ϳ 1.74, q shoulder / q 1st ϳ 1.95͒, it was argued earlier 6 that the SRO in liquid Ni is icosahedral. In contrast, in order to explain the similar and/or higher intensity of the shoulder compared to that of the second peak, and the greater deviation of the peak positions ͑q 2nd / q 1st = 1.76, q shoulder / q 1st = 1.92͒ from a perfect icosahedron, distorted icosahedral order was invoked for Ti ͑Ref. 6͒ and, more recently, for Zr. 42 The intensity profiles of S͑q͒ from such a dominant-cluster model also agreed well with the experimental data. Moreover, recent ab initio Ti cluster calculations 43 showed that ͑i͒ a distorted icosahedron is energetically favored over an undistorted icosahedron and ͑ii͒ a significant number of bonds are shorter than those in an undistorted icosahedron, indicating the importance of directional bonding effects. Although such cluster-based analyses capture some of the essential features of the experimental data, they do not provide an accurate description of the range of SRO found in these liquids. Therefore, more sophisticated analyses based on simulations, such as RMC and ab initio molecular dynamics ͑AIMD͒ simulations, are necessary. Recent analyses of the experimental data by using RMC 44 and AIMD for Ti, 45 Zr, 46 and Ni ͑Ref. 47͒ were characterized by a Honeycutt and Andersen 48 analysis of the resulting atomic configurations and confirmed the presence of many different types of SRO ͑e.g., fcc-and/or hcp-and bcc-like, icosahedral, and distorted icosahedral with incomplete/distorted bonding of pentagonal facets around a central atom͒. The most dominant type of order is the fragmented ISRO with a different degree of distortion in the icosahedral order in all three elemental liquids. 44 For Ni and Zr, the fractional increase in ISRO with increasing supercooling is much larger than the corresponding increase in distorted ISRO ͑DISRO͒. For Ti, the fractional increase in DISRO is, however, much larger than the increase in ISRO. In addition, ab initio molecular dynamics calculations for liquid Ti with 128 atoms 45 reproduced the unique shape of the second peak in S͑q͒ ͑the higher intensity of the shoulder seen in Fig. 1͒ and revealed that this is caused by the fragments of significantly distorted ISRO having shorter bond lengths, as observed in dominant-cluster studies 6 and ab initio molecular dynamics cluster calculations. 43 This agreement implies that the structure factor reflects the features of the dominant SRO and its characteristic bond lengths. Therefore, one of our earlier conclusions, 6, 42 that ISRO is more dominant in Ni than in Zr and Ti liquids and that DISRO is the dominant SRO in liquid Ti, is confirmed by more sophisticated analyses. 44, 45 B. Local order in binary alloy liquid: The atomic size effect on structure factor
In Fig. 2 , it is pointed out that the shoulder-to-peak intensity ratio is lower in the Ti 50 Zr 50 alloy as compared to liquid Ti or Zr. Since Ti and Zr form completely miscible alloys, it is likely that this difference in S͑q͒ results from the atomic size differences of the constituent atoms ͑1.46 Å for Ti and 1.60 Å for Zr͒. 35 Since DISRO, ISRO, and bcc-type atomic configurations were all found in the corresponding elemental liquids ͑Sec. IV A͒, attempts were made to fit the measured structure factors to contributions from a 13-atom icosahedral cluster and a bcc cluster ͑since the crystal solid solution phase of Ti 50 Zr 50 is bcc͒. The former gave a better fit than the latter ͑not shown here͒. This may be an indication that the fraction of atoms with ISRO is larger in the alloy liquid compared to that in the liquids of the elemental metals. This is possible since it is known that an atomic size difference of approximately 10% can relieve spatial frustration and stabi- 6 . ͑Color online͒ Structure factors of possible local cluster types in the liquids; ͑a͒ tetrahedron, ͑b͒ bitetrahedron ͑the dotted line is for a distorted tetrahedron͒, ͑c͒ icosahedron, and ͑d͒ decahedron are energetically favored structures ͑Ref. 25͒, as well as ͑f͒ ͑Refs. 37-39͒; ͑e͒ the Z14 polyhedron in Frank-Kasper phases is a prominent cluster type in glasses ͑Ref. 37͒.
lize the icosahedral structure. 37 RMC and AIMD calculations are necessary for a more detailed description of the atomic structure of the alloy liquid.
C. Local order in Ti-Zr-Ni alloy liquids: Chemical effect on structure factor and the evolution of icosahedral short-range order
As Ti and Zr were replaced by Ni in ͑Ti 0.5 Zr 0.5 ͒ 1−x Ni x alloys, the structure factor continuously evolved and the peak shapes, especially the second peak and shoulder, became more similar to those in elemental liquid Ni ͑Figs. 3 and 4͒. Particularly interesting among these alloys is the Ti 39.5 Zr 39.5 Ni 21 composition. The maximum reduced supercooling for this alloy ͑⌬T r = 0.102͒ ͑Ref. 5͒ was the least among all alloy compositions in this series. Moreover, a metastable icosahedral phase nucleated from the supercooled liquid instead of the expected thermodynamically stable C14-Laves phase. 5 In addition, the intensity ratio of the second peak and shoulder and the relative locations of the first two peaks in S͑q͒ ͑q 2nd / q 1st = 1.72, q shoulder / q 1st = 1.97͒ were closer to those expected for an icosahedral cluster. Based on all these experimental observations, it was concluded that ISRO was dominant in the alloy liquid; the experimental S͑q͒ was described well by a 13-atom icosahedral cluster with a Ni at the center and Ti atoms on the surface. 5 A recent analysis of the atomic structure obtained from an RMC simulation of the experimental pair correlation function g͑r͒, which is constructed from the measured S͑q͒, also reveals the dominant contribution of ISRO in the liquid. 49 However, it also indicated a considerable fraction of DISRO-fragmented ISRO, bcc-type, and fcc-, hcp-type SRO, in order of decreasing prominence. The fractions of ISRO, DISROfragmented ISRO, and bcc-type order grow with increasing supercooling ͑decreasing temperature͒ at the expense of fccand/or hcp-type SRO. Therefore, we again see that while useful for gaining understanding of the evolution of the dominant short-range order, the single cluster model cannot capture the full richness of the supercooled liquid structures.
Since only the total structure factor was measured ͑i.e., not the partial structure factors͒, the accuracy of this chemical decoration of the local topological order ͑i.e., Ni atoms surrounded by Ti/Zr atoms͒ remains unclear. While a definitive answer can only be obtained by additional x-ray diffraction experiments with isomorphous substitution and/or neutron diffraction experiments with isotopic substitution, other evidence supports this view. The large negative heats of mixing 50 of both Ti and Zr with Ni should favor configurations of Ni atoms surrounded by Ti/Zr atoms. Furthermore, the easy nucleation of the metastable i phase, 5 instead of the stable C14-Laves phase, indicates that the liquid and the icosahedral quasicrystals share similar topological and chemical SROs. Structural models of the Ti-Zr-Ni quasicrystals, which are obtained by fitting x-ray and neutron diffraction data and refined by relaxation of the obtained structures under ab initio potentials, 51 indicate that Ni occupies the center of the icosahedron surrounded by Ti at the first shell and by Zr at the second shell, as for the single cluster model proposed here for the liquid phase. With this decoration, the shoulder in the second peak of S͑q͒ arises from the Ti-Ni pairs corresponding to the center-to-vertex distance, as shown in Fig. 7 . Finally, neutron scattering measurements of the partial structure factor of Ti 60 Ni 40 and Zr 65 Ni 35 glasses show that a shoulder on the second peak arises from the Ti-Ni pairs and not from any other pairs. 52 In addition, only the S NN partial of the Bhatia-Thornton correlation function, which is related to topological order, contained this shoulder; the other partials did not. The increased prominence of the shoulder with the addition of Ni then corresponds to the formation of local regions resembling Ni-centered icosahedra.
In Fig. 4 , there is little change in the intensity of the shoulder in S͑q͒, while the intensities of all other peaks increase. To understand what this means within the dominantcluster model, consider the 13-atom cluster ͓Fig. 7͑a͔͒ with a central Ni atom and 12 Ti atoms at the vertices of an icosahedron. 4 It is convenient to express the structure factor as
where N is the number of atoms, q =4 sin / , is the wavelength ͑Å͒, r i,j is the distance between the ith and jth atoms, and ͗f 2 ͘ = ͚c i f i 2 , ͗f͘ = ͚c i f i , where c i and f i are the concentration and atomic form factor of the ith atom, respectively. The contribution to the total S͑q͒ may be decomposed into components arising from four different types of bonds: ͑i͒ type I, 24 center-to-vertex bonds of length r 1 ; ͑ii͒ type II, 60 slightly longer bonds corresponding to the nearestneighbor surface atoms at a distance r 2 = 1.051 r 1 ; ͑iii͒ type III, 60 next-nearest-neighbor bonds of length r 3 = 1.701 r 1 ; and ͑iv͒ type IV, 12 bonds that correspond to the distance from one vertex to the opposite vertex along a line through the center of the cluster of length r 4 =2 r 1 where f 1 is the atomic form factor for the central atom and f 2 is that for the vertex atom.
As shown in Fig. 7͑b͒ , the component of S͑q͒ from bond type I ͑center to vertex, r 1 ͒ matches the first peak and the shoulder positions in S͑q͒. The lack of change in the intensity of the shoulder with temperature then indicates that this fundamental distance ͑corresponding to Ni-Ti/Zr bonds͒ is already well established in the equilibrium liquid and does not significantly change with supercooling. The increasing intensity of the second peak signals an increase in the number of type II ͑vertex to vertex, r 2 ͒ and type III bonds, leading to a partial modification of the shape of the second peak. Interestingly, however, the contributions to S͑q͒ from the type II and III bonds effectively cancel each other at the position of the shoulder on the second peak-accounting for a lack of change in intensity due to these bonds with supercooling. Since the number of type IV bonds is small, a change in these does not significantly contribute to S͑q͒. Within this cluster-based model, then the observed changes, with undercooling, in the measured S͑q͒ are consistent with some growing icosahedral order in the liquid, with the center-to-vertex distance ͑Ni-Ti/Zr bonds͒ established first, followed by the vertex positions of the icosahedron becoming better defined with respect to each other with decreasing temperature. This is consistent with the negative heat of mixing of Ni with Ti and Zr atoms, which facilitates Ti-Ni bond formation at higher temperatures ͑stronger bonds͒. Figure  7͑c͒ shows that the component S r 2 +r 3 most significantly contributes to the shape of the second peak in the total structure factor. As an illustration, if the S r 2 +r 3 contribution increased by a factor of 2 ͓dashed line in Fig. 7͑c͔͒ , the intensities of the first, second, and third peaks would significantly increase, but not that of the shoulder, which are consistent with the observed changes in S͑q͒ with temperature ͑Fig. 4͒. Since the ISRO is composed of 20 distorted tetrahedra, one way that the number of types II and III bonds may increase is the formation of distorted tetrahedra with decreasing temperature.
D. Local order of liquids forming C14-Laves phase
As pointed out in Sec. III E, as the Ni concentration increases above 21 at. %, the structure factor begins to deviate from that of the i-phase-forming liquid. The nucleating phase from the supercooled liquid for these compositions also change from the i phase to the C14-Laves phase. 5 Interestingly, the local structure of the Ti-Zr-Ni hexagonal close packed C14-Laves phase is reported to be composed of distorted icosahedra. 53 Based on this information, we conjecture that the SRO of the liquids forming Laves phase is the distorted ISRO, which is consistent with the different peak positions for the third and fourth peaks in S͑q͒ compared to the i phase. More detailed studies of the SRO in this and other compositions of Ti-Zr-Ni alloys are planned for the future.
V. CONCLUSIONS
In summary, we have made a comprehensive experimental study of the development of SRO in deeply supercooled liquids as a function of alloy concentration by using the recently developed BESL technique. 28 The x-ray structure factor S͑q͒, which is determined for elemental, binary, and ternary alloy liquids of Ti, Zr, and Ni, showed a systematic change in the SRO with changing Ni concentration. Based on the modeling results by this and other groups, which are consistent with the experimentally determined structure factors presented here, it appears that some form of ISRO, along with other types of order, is present in the transition metal elemental liquids. Addition of Ni in binary Ti-Zr alloys enhances this order and ISRO seems to be the most dominant order in the i-phase-forming alloy composition Ti 39.5 Zr 39.5 Ni 21 , a conclusion that is also supported from nucleation studies. 4, 5 The dominance of ISRO in the 21 at. % Ni liquid alloys even facilitates the primary nucleation of a metastable quasicrystal phase instead of the stable polytetrahedral C14-Laves phase. 5 Some forms of ISRO appear to be present in varying degrees in all of the binary and ternary alloy compositions studied. However, a more extensive analysis is required to unravel the detailed order in those liquids. Experimentally, x-ray diffraction on isomorphically substituted alloys and neutron diffraction measurements on isotopically substituted alloys are needed to clearly understand the chemical SRO. This study again reinforces the importance of the SRO in liquids on the crystallization process, which may be particularly important for the formation and stability of bulk metallic glasses. 54 In the absence of high quality structural data in literature for high temperature metallic alloys and liquids, especially in the supercooled metastable state, these data are an important addition. It is hoped that they will attract more sophisticated modeling approaches to improve our understanding of liquid structures and their role in nucleation, crystallization, and glass formation.
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